In a dynamic machining process, distortion in surface irregularity is a very complex phenomenon. Surface irregularities form a periodic representation of the tool profile with various kinds of disturbance in a broad range of changes in the height and length of the profile. To discern these irregularity disturbances, interactions of the tool in the form of changes perpendicular and parallel relative to the workpiece were analyzed and simulated. The individual kinds of displacement of the tool relative to the workpiece introduce distortions in the changes of height and length. These changes are weakly represented in standard height and length irregularity parameters and their discernment has been found through amplitude-frequency functions.
Introduction
In a dynamic machining procedure, any disturbance to surface irregularities is a very complex process. The surface irregularities generated then constitute a periodic projection of the tool profile with multiple kinds of distortion in a broad range of changes in profile height and length. To distinguish between the irregularity disturbances, the interaction between the tool and the workpiece should be analyzed through the tool's relative displacement with respect to the workpiece.
In order to identify the disturbances which influence the formation of surface irregularities, a single-point machining process is assumed characterized by a distinct representation of the tool's edge outline on the workpiece surface. The most commonly found kind of single-point machining is lengthwise turning whose geometrical surface structure (GSS) contains directed irregularities resulting from a projection of the tool's outline and the kinematics of the tool's displacement relative to the workpiece.
In publications [1, 2] radial displacement of the tool in respect to the workpiece perpendicularly to it is analyzed. Publications [3, 4] describe the displacement of the tool parallel with respect to the workpiece.
In an ideal process, the representation of the cutting tool edge on the workpiece's surface is regular and identified with an even "microthread". The theoretical GSS shows a characteristic "helical line" with the pitch equal to the feed value. The transverse GSS contains a regularly repeating tool edge outline with the spacing value equal to that of the feed per workpiece revolution f. The problem of complex interactions of the tool in both directions relative to the workpiece is a proper analytical approach, as shown in [5, 6] . As the disturbance of irregularities is complex, occurs both in height and length, it should be analyzed by means of spectral functions [7] . A confirmation of the interaction of the tool with the formation of irregularity disturbances can be found in [8, 9, 10] . Papers [11, 12] point out the displacement of the tool against the workpiece, when forming transversal irregularities. Radial displacements of the tool are responsible for the amplitude character of changes in surface irregularities, while displacements tangential to the surface for the character of frequency disturbances [13] . For this reason the problem of complex disturbances of surface irregularities should be analyzed with the use of amplitude-frequency functions in a wide range of irregularity changes [14, 15] .
Theoretical irregularity heights Rt in ideal machining conditions and a curved projection of the tool edge are calculated from the equation:
where: f − is the tool feed per revolution, r ε -is the edge nose radius.
The irregularity heights grow with an increase of the feed value and they decrease nonlinearly with an increase of the tool edge nose radius. Their distinct influence on the formation of the transverse profile irregularity is shown in the ranges of greatest feed values and smallest values of the radius of the tool nose curvature.
In practical machining circumstances, disturbances in surface irregularities occur and these are caused by influence of the whole machining system on the GSS formed in the machining process. In a turning process, the representation of the edge profile is disturbed by many physical effects which occur in the tool movement kinematics as well as that of the workpiece (friction, elastic deformations, clearances, vibrations). The heights of irregularities on the surfaces differ from theoretical values to a various extent as a result of the complex character of disturbances in the machining system.
Types of tool displacement in respect to the workpiece
The machining system consists of a machine tool (subunits of spindle revolution and tool feed), the cutting tool (T) and workpiece (W) combined in the machining process. Because of this, the reaction upon the surface comes from the individual elements of the system, as depicted in Fig.1 . For surface features such as accuracy and quality, very important are disturbances in the form of relative displacements of the tool with respect to the workpiece in the direction "∆x" perpendicular to the surface , also called "radial" for the object (T−W) x . Besides, displacements of the tool in respect to the workpiece in the direction parallel to the surface and to the direction of tool feed "∆z", defined as "axial" for the subject (T−W) z . The first of them have a deciding influence on the formation of irregularities transverse to the surface of the workpiece. To detect changes in irregularities of the transverse surface profile and the causes of their origin, models of displacement of the curved cutting edge profile in the perpendicular and parallel direction in regard to the workpiece were used. Fig. 2 shows the transverse irregularity profile in the plane parallel to the basic tool surface, characterized only by dislocations of the mapped edge profile perpendicular to the workpiece "∆x" during its successive revolutions. Irregularity heights and its depressions have variable positions, which depend on whether the tool approaches or moves away from the workpiece. The analyzed case is a deterioration of surface accuracy in comparison with an ideal irregularity (shown by the broken line) and is expressed through changes of irregularity heights as well as placement of peaks along the profile length. The effect of such disturbance has the character of amplitude and frequency modulation of irregularity heights when compared with an ideal projection of the tool edge.
Another case of disturbance of ideal irregularities by dislocations of edge profile representation in a direction parallel to surface "∆z" is shown in Fig. 3 . Irregularity depressions have the same height values but their separation is changing in a way characteristic for a variably realized tool feed per workpiece revolution f. The heights of irregularity peaks change their value and position along the profile length. This type of disturbance produces better surface accuracy effects but has a similar character of amplitude and frequency modulation of the position of height peaks in the surface profile irregularity. 
Changes in surface irregularity resulting from tool movements in respect to the workpiece
In order to determine the influence of the kind of tool displacement in respect to the workpiece upon the shape of transverse GSS irregularities, a simulation has been conducted and the modulation type of irregularity disturbance with successive revolutions of the workpiece analyzed.
Modeling of surface irregularities disturbed by perpendicular displacement of the tool against the workpiece
To perform a simulation of the effect of perpendicular displacements of the tool in respect to the workpiece (T−W) x upon the surface irregularities, a model of disturbance according to Fig.2 has been used. Irregularities of edge profile projection are realized with the value increasing by ∆x (shifting the tool from the workpiece) or decreasing (with the tool approaching the workpiece) comparing with the previous position. In mappings with such changes of tool placement as disturbances, the heights of irregularities are modified which depend on the value of the tool displacement with respect to the workpiece.
Simulations were conducted for a curved representation of the tool edge and tool position changes which are shown in Fig. 4 as an example for the range x = 0 ÷ 16 µm and ∆x j = 2 µm with successive revolutions of the object j = 1, 2, …, M. Because of symmetry of the disturbances, only the effects of irregularity changes for increasing displacements of the tool against the workpiece are shown. The heights of irregularity peaks explicitly rise, but they shift also horizontally in the direction of the represented edge outline while the tool withdraws itself from the workpiece. Changes in the position of the tool distinctly disturb the irregularity heights and such case can be defined as amplitude modulation of the profile irregularity. The peaks shift also in the direction of the realized edge representation together with the simulated disturbance which has the character of frequency modulation.
Modeling of surface irregularities disturbed by parallel displacement of the tool against the workpiece
For the simulation of the effect of parallel displacements of the tool in relation to the workpiece (T−W) z on surface irregularities, a disturbance model according to the scheme presented in Fig. 3 was used. The simulation was performed for a curved tool edge representation and for changes of tool feed increasing by a constant value of ∆z = 2 µm in successive representations per workpiece revolution. The aim is to increase the distance between the curved tool edge projections in direction "z" according to f j+1 = f j + ∆z j+1 for successive revolutions of the workpiece j = 1, 2, …, M. This is the realization of an unequal value of tool feed f j = var for successive object revolutions in relation to a constant feed value per revolution as reference.
Irregularities of tool edge projection are realized for each workpiece revolution increasingly (increase of the tool feed value) and decreasingly (reduction of the tool feed value) in relation to the previous position. Because of the symmetry of disturbances (Fig. 5) , only the effects of irregularity changes are shown for increasing displacements of the tool against the workpiece in the feed direction.
When comparing the irregularities which result from the increasing tool feed value, we notice their clear height increase without a change in shape and such character of change indicates amplitude modulation. On the other hand, the discussed type of disturbance in the profile is a typical frequency modulation with varying period represented by the tool feed. In this way, the simulated irregularity has the character of amplitude-frequency changes of irregularity heights with the analyzed disturbances of an uneven realization of tool feed per workpiece revolution. The performed process of simulation of the effect of displacements of the tool against the object leads to such observations that the expected effect of amplitude modulation for perpendicular displacements is accompanied also by frequency modulation of the irregularity peaks. Instead, the effect of frequency modulation with effects with varying values of tool feed produces also an amplitude modulation of irregularity peaks.
In real conditions of lathe work both kinds of disturbances appear, perpendicularly (radial) and parallel to the workpiece (axial) and on the surface irregularity such components appear which have a complex amplitude-frequency character. Because of this, for irregularity studies, they should be investigated, discerned, evaluated and estimated spectrally, treating the surface profiles as periodic functions with random-periodic disturbances of the machining process. Also, because of the inaccuracy and ambiguity of characterizing surface irregularities with parameters such as height and length from standards, they should be analyzed and estimated by amplitude-frequency functions in a wide range of irregularities.
Recognition of disturbances of tool projection in surface irregularities
For verification, disturbance displacement tool to workpiece was done by measurements surface profiles on profilometer Hommel Tester T1000 with a radius tip of 2 µm. A test sample was made in 45 steel, machined on a TUD50 lathe. Parameters during turning: feed tool per revolution of the workpiece f = 0.24 mm/rev. and radius profile of blade r ε = 0.4 mm.
In measured turned surface profile irregularities, distinct valleys in the disturbed tool edge representation appear which show the tool position at each workpiece revolution. They should be determined in the profile length as local minima (LM) for each tool feed per workpiece revolution, according to the description by coordinates of individual points, as shown in Fig. 6 :
(2) Fig. 6 . Measured surface irregularity profile with described local minima in the projection of the tool edge envelope per object revolution j = 1, 2, …, M−1. Continuous line -irregularity envelope with perpendicular tool displacements against the workpiece. Broken line -irregularity envelope with unequal and parallel displacements of the tool against the workpiece, sampling interval h = 4 µm.
As the position of the tool depends on displacements in both directions, "∆x" and "∆z", to discern between them we should examine in local minima the appropriate coordinates of points P j (z j , x j ) for consecutive revolutions of the object j = 1, 2, …, M. From measurement data of the profile we should select the values of successive local minima. For the determination of respective kinds of displacements, define in points P j the coordinates of proper disturbance directions. For radial displacements "x", assuming f j = const, local minima appear in the following profile points:
After generating their values and combining them we receive the course of tool displacement in relation to the workpiece at each turn j = 1, 2, …, M in the direction perpendicular to the surface, as shown in Fig. 7 . The values of ordinates depict the character of changes of the tool displacement perpendicularly to the workpiece at each of its turns, with constant tool feed. The position of the tool determined in this way in local minima shows the location of successive valleys in transverse irregularities. The generated course of irregularities with curved representation of the tool and disturbances of perpendicular displacements of the tool against the workpiece is presented in Fig. 8 . Fig. 8 . Generated irregularity course with curved tool profile with disturbances of perpendicular displacements of the tool against the workpiece, sampling interval h = 4 µm.
We notice a distinct waviness of peaks and valleys in irregularities. These disturbances, as amplitude modulation of the tool projection, have a significant influence on the formation of transverse surface irregularities but are barely discernible in the value of irregularity height parameters. Their investigation has to be carried out with the use of amplitude-frequency functions.
For displacements parallel to the workpiece axis "z", assuming that radial displacements ∆x j = 0 do not take place, the local minima appear in profile points:
Abscissa values in local minima observed in the direction of tool feed and parallel to the workpiece's surface are less observable because of their smaller differences in successive revolutions. Therefore they should be analyzed relative to the nominal value of the tool feed per workpiece revolution f as differences at every revolution, as shown in Fig. 9 . Their relative values assume positive and negative values round the nominal feed value, what shows the uneven tool feed at each workpiece revolution. Radial displacements have the character of irregular changes located on both sides of the reference value of the feed per workpiece revolution. In interpreting these results we observe an irregular reproduction of the tool feed value having the character of a frequency disturbance. Through representation of the tool edge, this disturbance affects also the heights of transverse irregularities of turned surfaces, as presented in Fig.10 . The irregularities show a clear waviness of peaks, but the valleys remain at the same level, which has also the character of an amplitude modulation. Fig. 10 . Generated course of irregularities with curved projection of the tool edge with disturbances of parallel tool displacements against the perpendicular displacements of the tool to workpiece, sampling interval h = 4 µm.
Differentiation of the types of surface irregularity from the amplitude spectrum
The individual types of tool displacement relative to the workpiece introduce disturbances in the form of changes in height and length of the irregularities. These changes are weakly discernible in parameter values of irregularity height and length and they should be investigated through amplitude-frequency functions.
Radial displacement (T−W) x is essential for surface accuracy and, being a tooling disturbance with definite frequency constitutes an amplitude modulation of the tool edge representation. In the result of this process we notice an increase of irregularity heights with the tool moving away from the workpiece and a decrease of these heights when the tool moves toward the workpiece. Apart from this, the peak heights of irregularities shift in the length direction and produce frequency-change effects. Profile irregularities with radial disturbances of displacements (T−W) x contain a displacement of tool outline representations, manifested by variably positioned valleys (amplitude modulation) and clearly changing peak heights (modulated in amplitude and frequency).These disturbances, as irregularity envelopes, are represented in the amplitude spectrum (1) by a component group with low-frequency character of surface waviness, as presented in Fig.11 . Fig. 11 . Amplitude spectra of irregularities generated with radial (1) and axial (2) displacements of the tool with respect to of perpendicular displacements of the tool against the workpiece and curved representation of the tool envelope.
Profile irregularities with disturbances of displacements parallel to the surface (T−W) z have valleys situated at the same level. Irregularity peaks are slightly extended at varying distances, as irregular realization of tool feed per workpiece revolution (frequency modulation).Through representation of the tool envelope, in the irregularity profile the peaks are modulated in amplitude and frequency. In the amplitude spectrum (2) in Fig.11 this is depicted as spectral lines of sidebands of the main component k = 16 of the tool feed per workpiece revolution and its harmonics.
Conclusions
The machining system consists of the machine tool, the cutting tool and the workpiece involved in a machining process and the effects on the surface have their source in the individual elements of the system. In a turning process the ideal course of the tool edge is disturbed by its changing position with respect to the workpiece both in the perpendicular and parallel direction to the workpiece surface. Here, more significant to the aggravation of surface accuracy are tool displacements perpendicular to the workpiece surface.
In the transverse profile, changes in tool position against the workpiece are shown through placement of irregularity valleys in the representation of the tool edge per workpiece revolution. Relative displacements of the tool disturb the irregularities and modify the position of their peaks in the radial and axial directions. In effect, they constitute an amplitude-frequency modulation of the surface profile irregularity. These disturbances, as irregularity envelopes, are represented in the amplitude spectrum by a component group of low-frequency character of surface waviness. They generate waviness at frequencies lower than the main component of tool edge representation on the workpiece's surface. Changes in perpendicular displacements of the tool in respect to the workpiece are more significant for shaping the irregularities than those in the parallel direction.
